The sulfonated polysulfone/phosphotungstic acid (SPSU/PWA) composite membranes were investigated for proton exchange membranes. The influence of the interactions between sulfonic acid groups and phosphotungstic acid on the properties of composite membranes was studied in detail. The study showed that special interaction has great influence on the membrane properties. Fourier transform infrared (FTIR) spectroscopy of the composite membranes exhibited band shifts showing a possibility of intermolecular hydrogen bonding interaction between SPSU and PWA additives. SPSU/PWA composite membranes were evaluated for thermal stability, ion exchange capacity, water uptake and proton conductivity. Also the extraction of PWA from the composite membranes and their chemical stability were determined. Thermal analysis of the composites showed that it promotes the decomposition temperature of the sulfonic acid groups with increase in PWA weight content. Though the IEC and water uptake decreased with increase in PWA content, the proton conductivity of the composite membranes increased with increase in PWA content. The proton conductivity of the composites with 5 wt.%, 20 wt.% and 30 wt.% PWA is 2.62×10 
Introduction
Proton exchange membrane fuel cells (PEMFC) are of enormous interest as potential power sources in view of their efficiency, cleanness and quietness [1] . However, the current industry standard perfluorosulfonic polymers such as Nafion are limited by (a) high cost (b) high methanol permeability, and (c) loss of membrane performance at elevated temperatures. Novel proton exchange membranes should be developed. In the past years, two classes of materials were investigated. One is polymeric material, including polysulfones [2] , polyimides [3] , polybenzimidazoles [4] and poly(ether ether ketone) [5] with diverse mechanical and electrical properties, higher efficiency and low cost. The other is organic-inorganic composite material with special interactions between organic and inorganic parts, which offers exceptional opportunities to create materials with unique properties.
Phosphotungstic acid (PWA) is one of the heteropolyacids (HPA) that are attractive inorganic additives because of their high proton conductivity and thermal stability in crystalline form. Among the HPA (phosphotungstic acid, molybdophosphoric acid, silicotungstic acid), PWA is most widely used due to its ability to promote high proton conductivities. But the conductivity of PWA is strictly related to the number of water molecules coordinated to the Keggin unit. The number of water molecules is determined by the relative humidity and temperature [6] . For example, proton conductivities of PWA at 29 and 6 hydrated water molecules decreased from 1.8×10 -2 to 6×10 -5 s·cm -1 , respectively. Although earlier efforts for using this material itself as a solid electrolyte failed due to its high solubility in water and strong influence of humidity on proton conductivity. It is interesting to note that the proton conductivity of sulfonated poly (ether ether ketone) and polyimide incorporated with PWA showed good dispersion of PWA, and the resulting composite has been quite promising at temperatures higher than the boiling point of water. [7, 8] It is suggested that specific interactions between PWA and sulfonated polymers could have a significant influence on fuel cell performance. This phenomenon has been relatively unexplored and deserves attention.
Therefore, in this article, we mainly focus on the influence of specific interactions between PWA and sulfonated polysulfone (SPSU) on the properties of the resulting membranes.
Results and discussion

Infrared studies of specific interactions between PWA particles and sulfonic acid groups
Physical and chemical behaviors of composite membranes were related to strong interactions between PWA particles and sulfonic acid groups. The specific interaction was confirmed by FTIR spectroscopy. Fig. 1 . FT-IR spectra of line 1: pure PWA powders; line 2: SPSU-53/PWA20 composite membrane; line 3: SPSU-53 membrane. Fig. 1 displays the spectral regions of the SPSU/PWA composite membranes, SPSU membrane and pure PWA powders. The symmetric stretching band of SO 3 was observed at 1018 cm -1 in pure SPSU-53 and red shifted to 1014 cm -1 when blended with PWA. On the other hand, the symmetric stretching band of the SO 2 lying at 1150 cm -1 remains insensitive to incorporation of PWA (see Fig. 1 and Table 1 ). This result indicates that the PWA particles interact with the sulfonic acid moiety as opposed to some other functional unit in the backbone of the polymer. In the IR spectrum of the pure PWA powders, there are four characteristic peaks of the Keggin structure: the P-O stretching band at 1080 cm -1 , the terminal oxygen band at 986 cm -1 , and bridging oxygen bands at 889 cm -1 and 815 cm -1 , respectively. In the IR spectrum of the SPSU/PWA composite membranes, these characteristic peaks of the Keggin structure were also observed. Compared to that of pure PWA, the terminal oxygen band in the SPSU/PWA composite membrane was red shifted to 977 cm -1 , and the bridging oxygen band was blue shifted to 897 cm -1 . These frequency shifts clearly demonstrate that there is the specific interaction between Keggin structure of PWA molecules and SPSU polymer, which is probably both the terminal oxygen and the bridging oxygen interact with the sulfonic acid groups of polymer in connection with protonated water molecules. 
Thermal stability
The thermal stability of the SPSU/PWA composite membranes were investigated by thermogravimetric analysis. Fig. 2 displays the TGA curves of the representative membranes in nitrogen. It is evident that there are three weight loss steps for all the composite membranes. The first one is due to evaporation of the water molecules and the loss of structural water from PWA, which ended at about 200 o C. A second step is attributed to the splitting-off sulfonic acid groups. Interestingly, from Fig. 3 we can see that the temperature at which the splitting-off of the sulfonic acid groups with 5, 10, 20, 30% PWA is 269, 270, 275 and 281 o C, respectively. Obviously, the decomposition temperature of the sulfonic acid groups increase with increase in PWA weight content. This may be due to the specific interactions occurred between the sulfonic acid groups and PWA particles. The third weight loss step corresponds to the decomposition of the main polymer chain. From the TGA measurements, it can be found that the strong interaction between the sulfonic acid groups and PWA particles will lead to the improved thermal stability of sulfonic acid groups. 
Ion exchange capacity (IEC)
The IEC of polymer in membranes for fuel cell is an important property and generally the water uptake and the proton conductivity directly depend on the IEC of the polymer. Fig. 4 displays the change in IEC of the pure and composite membranes.
The IEC values decreased with increase in PWA content. Generally the IEC values depend on the amount of sulfonyl groups present in the polymer chain. Here with increase in the PWA content the sulfonated polysulfone content decreased. This led to the decrease in the amount of sulfonic acid groups in a particular weight of the polymer resulting in decreased IEC as the PWA weight content increases. Similar effect was also observed in PI/HPA composite membranes [8] . 
Water uptake
It is well known that water plays a critical role in PEM. Proton transport in SPSU membranes is greatly influenced by the water content of membranes. The proton exchange reaction requires a significant amount of water to coordinate with proton as it moves through the membrane. Ionic membranes behave like insulator in dry state but become conductive as a function of water content when hydrated. The room temperature water uptake of SPSU/PWA composite membranes as a function of PWA contents is shown in Fig. 5 . Interestingly, the water uptake of the composite membrane decrease as the PWA particles content increase. For example, the water uptake of the film containing 5 wt.% PWA was 21.5%, whereas the film loaded with 30 wt.% PWA showed a water uptake of 19.8%. This result can be attributed to the strong interaction between the sulfonic acid group and PWA molecule, which decreased the number of water absorption sites. It is well known that the water uptake increases with increase in sulfonic acid content. The PWA molecules preferentially interact with sulfonic acid group and decrease the amount of free sulfonic acid group available to form hydrogen bond with water molecules. Consequently, the number of water absorption sites by the composite membranes decreased with increased in PWA content. Similar effects were already observed in SPAES/HPA composite membranes [11] . 
PWA extraction
PWA retention is considered as one of the key parameters controlling the properties of the SPSU/PWA composite membranes including proton conductivity and durable lifetime in fuel cell systems. Since the PWA particle itself is water soluble, limited affinity between PWA and polymer would allow the inorganic particles to be easily extracted from the composite membranes in the presence of water, which would result in a decrease in proton conductivity and other desirable performance. The extraction of PWA is detected by UV-Vis recording spectrophotometer as mentioned after treatment in water and given in Table 2 . The PWA extraction increased with increase in PWA content as expected. This phenomenon is connected to the strong interaction between sulfonic acid groups and PWA particles. With the content of PWA increasing, the sites where sulfonic acid groups interact with PWA particles is being saturated, which resulted in the increase of PWA extraction. It was interesting that the PWA extraction of SPSU-53/PWA composite membrane with 10% PWA was only 1%, 1.2%, 1.3% after 24, 48, 72 h water treatment, respectively. This indicates that the proper stoichiometry may account for low PWA extraction. 
Chemical stability
The chemical stability is one of the important factors evaluating the lifetime of PEM under harsh fuel cell conditions. The stability of the SPSU and SPSU/PWA membranes to oxidation was investigated by immersing the membranes (5 mm×5 mm) into Fenton's reagent (a 3% H 2 O 2 aqueous containing 2 ppm FeSO 4 ) at 80 0 C. The anti-oxidative stability was characterized by the expended time that the membrane started to break into pieces and disappear into solution. As can be seen in Table 3 , after incorporation of PWA particles, the oxidative stability of SPSU abruptly declined. And with the content of PWA increasing, the dissolving time decreased. Obviously, the PWA particles are effective in decreasing the tolerance of a radical attack. This result can be explained by that PWA is a solid acid and easily extracted from the composite membranes in the presence of water (shown in Table  2 ), which would enhance the acidity of Fenton's reagent. As a result, the oxidative ability of Fenton's reagent will be abruptly enhanced. That is why the oxidative stability of SPSU declined greatly with the incorporation of PWA particles. 
Proton conductivity
The proton conductivity as a function of the PWA weight content is shown in Table 4 and Fig. 6 . For pure SPSU membrane, its conductivity was 7.00×10 Fig. 7 illustrates a schematic representation of the structures of SPSU membranes and SPSU/PWA composite membranes. When the PWA particles were doped in the SPSU, these particles can act as the proton carrier and modify proton conductivity of this membrane. 
Conclusions
SPSU/PWA composite membranes with different PWA weight content were researched for PEMFC. The influence of the interactions between sulfonic acid groups and phosphotungstic acid on the properties of composite membranes was studied. The result showed that special interaction, the hydrogen bond between SPSU and PWA, has great influence on the membrane properties. The TGA curves showed that the composite membranes were rather stable below 200 o C, and the thermal stability of sulfonic acid groups improved due to the strong interaction between the sulfonic acid groups and PWA particles. The PWA extraction increased with increase in PWA content as expected. And the PWA extraction of composite membrane with 10 wt.% PWA was only 1%, 1.2%, 1.3% after 24, 48, 72 h treatment, respectively. This indicates that the proper stoichiometry may account for low PWA extraction. After incorporation of PWA particles, the oxidative stability of the composites reduced greatly, it indicates that the PWA particles are effective in decreasing the tolerance of a radical attack. Though the IEC and water uptake decreased with increase in PWA content, the proton conductivity of the composite membranes increased with increase in PWA content. The proton conductivity of the composites with 5 wt.%, 10 wt.%, 20 wt.% and 30 wt.% PWA is 2.62×10 o C, respectively. The SPSU/PWA composite membranes are easy to prepare and much less expensive than the commercial perfluorinated membranes. Their high conductivity and long-term stability qualify the SPSU/PWA composite membranes to be considered for use in PEMFC and DMFC as alternative to Nafion based membranes.
Experimental part
Materials
Sulfonated Bisphenol-A-polysulfone (SPSU) membranes with different sulfonation degree (DS) were prepared via a solution sulfonation method using mixtures of chlorosulfonic acid (HSO3Cl) and chlorotrimethylsilane ((CH3)3SiCl) as sulfonating agent and 1,2-dichloroethane as solvent, as described in our previous work [9] . The chemical structure and the preparation of SPSU are shown in Scheme 1. PWA was obtained from chemical plants in Shanghai, China and was used as received. PWA was dried at 100 o C in an air-circulating oven for 12 h before use (the number of hydrated water molecules per PWA ≈ 6).
Scheme 1. The preparation of SPSU.
Membrane preparation
Pure SPSU and SPSU/PWA composite membranes were prepared by solution casting. The synthesized SPSU with a degree of sulfonation (DS) of 53% was used for preparing all the composites. The SPSU with 53% DS and the desired amount of PWA (weight ratio from 0 to 30%) were readily soluble in dimethyl acetamide (DMAc). The homogeneous solution thus formed in an ultrasonic bath for 45 min, then the solution was cast onto a flat glass using a knife and the cast films were subsequently dried in a vacuum at 60 o C for 6 h to remove the solvents, and annealed at 120 o C for 1 h. Then the membranes were carefully peeled off in a water bath and kept in de-ionized water removing residual DMAc totally. The wet SPSU membranes were completely dried in a vacuum. The resulting films were transparent with a yellowish color and a thickness of about 50～150 μm.
Measurements
The infrared (FTIR) spectra of PWA and composite membranes were recorded on a Nicolet 8700 FTIR spectrometer, using either membranes sample or KBr pellets. Although all the samples were scanned in a range of 4000-500 cm -1 , the spectra show the FTIR in the range of 1200-680 cm -1 , due to the presence of significant peaks in that range. The ion-exchange capacity (IEC) of the membranes was determined by acid-base titration. The protonated membranes were first immersed in a 1 M NaCl solution for 24 h to liberate the H + ions and then titrated with standardized 0.05 M NaOH solution using phenolphthalein as an indicator. The IEC was calculated as the ratio of the number of mol consumed NaOH to the weight of dried membrane sample.
Water uptake experiment was carried out by immersing the dried membranes in deionized water at room temperature for 24 h in order to understand the amount of water uptake (%) before and after treatment. For measurement, the membranes were taken out, wiped with filter paper, and immediately weighed. The amount of water-uptake, W H2O , was calculated using following equation: 
where W wet is the mass of the membrane in grams after absorption and W dry is the mass of the dried membrane in grams.
The amount of PWA extracted from the composite membranes in water was determined with UV-Vis recording spectrophotometer (UV-2401 PC, Shimadzu). Before immersing in 30 mL de-ionized water at 60 o C for some time, the prepared dry composite films were weighed. The solvent with extracted PWA was put into a quartz cell and then measured at 260 nm, which shows the maximum absorption spectrum. We can get the extracted PWA concentration (C) from the concentration-absorption UV-Vis spectrum graph and the PWA extraction (%) was determined from: C 30mL (%) = 100 weight of PWA in sample PWA extraction (2) The resistance to hydrogen peroxide radical was examined in Fenton's reagents (a 3% H 2 O 2 aqueous solution containing 2 ppm FeSO 4 ) at 80 o C. The anti-oxidative stability was characterized by the expended time that the membrane started to break into pieces and disappear into solution. Each measurement was carried out repeatedly at last five times to ensure good reproducibility.
Membranes equilibrated during immersion in water at room temperature were investigated through determining impedances of SPSU membrane samples to evaluate the proton conductivity (σ). The impedances were determined by using the self-made equipment by alternating current [10] , The proton conductivity was calculated from following equation:
where σ is proton conductivity (s·cm); R is the ohmic resistance of membrane sample (Ω); l is the distance between the electrodes (cm); S is the face area of membrane sample (cm 2 ).
